[1] The first pass of the Cassini orbiter near the A and B rings of Saturn, formed mainly by H 2 O ice particles, revealed the presence of an ionosphere composed of O + and O 2 + ions. Such a result suggests the existence of an atmospheric halo made up of molecular oxygen surrounding the rings. It is produced by solar UV radiation-induced decomposition of ice releasing molecular oxygen which does not stick on the surface at the relevant temperatures. A Monte Carlo model of the atmosphere/ionosphere ring system that uses test-particles and incorporates chemical processes and transport of both neutrals and plasma ions is developed. Published ion data from the ion mass spectrometer (IMS) experiment were used as constraint and the model provides a very satisfactory fit between simulated O + and O 2 + ion densities and those measured along Cassini trajectory. Citation: Bouhram, M.,
Introduction
[2] A tenuous atmosphere surrounding Saturn's main rings was predicted to exist as a consequence of sputtering of atoms and molecules from ring particles due to collisions by energetic ions and meteoroid particles [Pospieszalska and Johnson, 1991; Ip, 1984a Ip, , 1995 or solar photons [Carlson, 1980] . However, until the arrival of the Cassini mission in the vicinity of Saturn, the region near the inner A and B rings remained unexplored and models were based on numerous assumptions that could not be directly tested.
[3] Plasma measurements in Saturn's magnetosphere during Cassini's orbit insertion, particularly those from the Cassini Plasma Spectrometer (CAPS) experiment [Young et al., 2004] and the Ion Neutral Mass Spectrometer [Waite et al., 2004] , provided a remarkably consistent picture of the plasma environment. An initial analysis of the data revealed the presence of an ionosphere close to the A and B rings with O + and O 2 + as major ions, suggesting the existence of an atmosphere made up of molecular oxygen O 2 [Young et al., 2005; Tokar et al., 2005; Waite et al., 2005] . This O 2 atmosphere is likely to be a significant source of plasma for Saturn's magnetosphere, in addition to the E-ring, icy satellites and Titan, since Tokar et al. [2005] also showed that O 2 + extends into the magnetosphere inside the F and G rings and energetic O 2 + ions were observed throughout the magnetosphere [Krimigis et al., 2005] . Because the Cassini orbiter will not fly close to the A and B rings again, a detailed description of the O 2 atmosphere is now required to quantify its role as plasma source for Saturn's magnetosphere.
[4] In this paper, we present preliminary results of a study based on a 2D hybrid model of the ring atmosphere/ ionosphere system. The model uses a test particle approach for both ions and neutrals similar to that used by J. G. Luhmann et al. (A model of the ionosphere of Saturn's rings and its implications, submitted to Icarus, 2006, hereinafter referred to as Luhmann et al., submitted manuscript, 2006) . It takes into account chemical processes, such as photoionization and charge exchange, by means of Monte Carlo particle tracking to describe the transport. The simulation results are then compared with published ion data from the ion mass spectrometer (IMS) experiment and rough overall agreement is found.
Geometry and Model
[5] Figure 1 shows the Cassini trajectory during Saturn's orbit insertion (SOI) maneuver. O 2 is produced on the sunlit side, with the sun 23.6°south of the ring plane, by UV photons while the flyby occurred north of the ring plane. This trajectory provided the first in-situ measurements over Saturn's A and B rings.
A model of the O 2 Atmosphere
[6] The rings consist mainly of H 2 O ice particles from which O 2 molecules are primarily produced by solar UV photons. Although O 2 is produced inefficiently from ice, compared to water molecules and water fragments, at the surface temperature of the icy grains (80 -100°K), O 2 molecules do not stick on the ice particles while other products and ions do [Young et al., 2005; Johnson et al., 2006] . This explains why O 2 is the main constituent of the ring atmosphere, as is also the case for Jupiter's icy satellite Europa [Shematovich et al., 2005] .
[7] In this model, the production and formation of ring neutral atmosphere is described following the model proposed by Johnson et al. [2006] . O 2 molecules, originating from the radiation-induced decomposition of ice, are produced primarily by UV photons which are absorbed on the south side of the ring plane at a rate (1 À f)S O2 . Here S O2 is estimated to be 10 6 cm À2 s À1 [Westley et al., 1995; Johnson et al., 2006] and f = exp(Àx/cos g) is determined by the optical thickness of the ring x and g = 66°the incidence of UV photons with respect to the ring plane's normal. According to stellar occultation measurements on Voyager 2 [Esposito et al., 1983] , we set x = 0.01 for r < 1.53 R S , x = 1.0 in the B ring (1.53 R S < r < 1.95 R S ), x = 0.06 in the Cassini gap (1.95 R S < r < 2.03 R S ), x = 0.50 in the A ring (2.03 R S < r < 2.26 R S ), and x = 10 À5 for r > 2.26 R S . Particles are ejected south of the ring plane at random positions, but with appropriate account for the radial variation of x. They are ejected at a speed equal to the Keplerian velocity V o plus a component in a random direction following a non-thermal energy distribution inferred from experimental measurements in laboratory [Johnson et al., 1983] :
2 where U = 0.015eV. This later velocity component is small compared to V o .
[8] In one bounce period, O 2 molecules return to the ring plane and are absorbed onto a ring particle with a probability of P = 1 À exp(Àx/cos a) where a is the incident angle between the velocity in the ring frame and the normal to the ring plane and x is defined above. This probability is relatively high (>0.5) inside the A and B rings, because of their low transparencies (x > 0.5), but small outside of those regions. Because O 2 does not stick on the ice at the relevant temperatures (80 -100°K), we assume that when such a particle hits the rings, it is directly reemitted without any energy loss. Earlier, we assumed it was thermalized before re-emission [Johnson et al., 2006] . When V rel is small, the new velocity is equal to the center-of-mass velocity plus a velocity in a random direction that is equal to half of the relative collision speed and use the cross section of Johnson et al. [2006] . In contrast, when V rel is large, ion and neutral velocities are exchanged. In this model, we set the transition limit between the two regimes at V rel $ 10 km s
À1
. Because V rel is on average small in the region where CAPS data are available, between 1.8 and 2.1 R S , simulation results are not sensitive to this parameter.
[10] Ions created in the vicinity of the ring plane are picked up by the magnetic field of Saturn B and the corotating electric field E = V co Â B where V co = W S Â r is the corotation velocity. Assuming that neutrals have a speed close to the Keplerian speed V o plus a small thermal component V th acquired during the surface ejection process, newly formed ions gyrate about the magnetic field at a speed $V o À V co , and move around the planet at V co . In the absence of collisions with ring particles, ions move up the field lines and are reflected by the magnetic mirror force formed by converging field lines at a magnetic latitude that depends on their initial pitch angle. Because V o À V co is approximately perpendicular to the magnetic field, ions are created with a pitch angle $90°, leading to high incident angles a $ 90°when returning to the ring plane. This is the case except near R X = 1.86 R S where V o = V co and consequently the term V th dominates the gyration velocity (see Figure 1) , enabling ions to reach higher latitudes, and leading to higher transmission probabilities across the ring plane near R X .
[11] The particle motion is traced by solving the guiding center motion's equation [Northrop, 1963] , taking into account the effect of gravity, magnetic field and corotating electric fields. For a planetocentric distance smaller than 8 R S , we may approximate the magnetic field of Saturn as a dipole with an offset with respect to the ring plane by 0.04 R S toward the North along the rotation axis (see Figure 1) .
[12] A neutral source is generated starting with 2 Â 10 4 O 2 test particles injected between 1.4 and 2.4 R S that are followed versus time until they are lost through Saturn's surface or by creating O 2 + and O + ions. Both ion and neutral trajectories are calculated using a Runge-Kutta fourth-order integration scheme with a fixed time step Dt. The ions are tracked until they are lost through the rings or Saturn's surface. In our simulations, the number density and higherorder particle moments are obtained by scaling the total number of test-particle ions employed to the photoproduction rate, similar to method used by Ip [1995] . The system is divided into grid points assuming a cylindrical symmetry with a uniform step Dr = 0.02 R S in radial position, and a non-uniform step in height from Dz = 2 Â 
10
À3 R S near the ring plane to 0.02 R S at the top. At time step t n = nDt, the position of the test-particle is binned into appropriate cell element (r, z) in which it is located.
Results and Discussion
[13] Figure 2 shows two-dimensional maps of O 2 , O 2 + and O + number densities inferred from test-particles trajectories. First, we see that due to its long lifetime t = 1/(k i + k d ) $ 8.6 Â 10 7 s, O 2 exists both above and below the ring plane. Assuming that O 2 behaves as a gas in equilibrium, we may express the atmospheric scale height as h O2 = (2k B T n / 3m n W S 2 ) 1/2 $ 1.3 Â 10 À2 R S , which is consistent with our simulations (not shown) and our earlier analytic model [Johnson et al., 2006] . Luhmann et al., submitted manuscript (2006) showed, using a test-particle approach, that the average ion scale height grew with increasing r beyond R X = 1.86 R S but inside of that radius the ion trajectories decayed with the ions precipitating into Saturn's ionosphere. As suggested Connerney and Waite [1984] , the presence of an influx from the B-ring may explain the diurnal variations of maximum ionospheric electron density deduced from earlier measurements. Here we find similar results but also include the impact/transmission probability for ions to pass through the rings. Indeed, it is shown in addition that the O 2 + and O + density distributions exhibit a strong asymmetry between the sunlit and shaded sides of the B ring, because of its low transparency (x = 1.0). In contrast, ions may easily bounce inside the Cassini gap where the transparency is very high (x = 0.06).
[14] Figure 3 provides comparisons between simulated O 2 + , O + and total ion number densities with those measured by the IMS experiment along the orbiter's trajectory and published by Tokar et al. [2005] . At distances r < 1.92 R S , Cassini is on magnetic field lines that map to the B-ring where ion production is small so that local ion densities are primarily controlled by the ion transmission probabilities through the ring plane. As discussed earlier, this probability increases when the ring optical depth x and the ion incident angle a both decrease. For O 2 + ions, two bumps in the density are observed and are nicely reproduced by the model. The first one at r$1.79 R S corresponds to the field lines that map at L$R X where V o = V co and O 2 + incident angles are more isotropic than anywhere else. At the boundary between the B-ring and the Cassini gap, the change in x and ion production rates on the northern side leads to a second density increase. Only the second feature is found for O + because these ions are produced with an excess energy ($0.5 eV) higher than their corotation energy in the ring frame (<0.3 eV), and therefore achieve nearly isotropic incident angles over the B-ring. As Cassini passes above the A-ring after r$2.07 R S , CAPS was not facing the corotation direction anymore, but the INMS experiment reported some ion measurements that indicates the presence of O 2 + , O + and H + ions, contributing to about 43%, 13% and 44% of the total density, respectively [Waite et al., 2005] Tokar et al., 2005, Figure 4 ]. Tokar et al. [2005] showed that IMS total densities are underestimated above the Cassini division and attributed these differences to uncertainties in the precise relative IMS detector efficiencies, but one cannot completely exclude the possible presence of H + ions that have too low energies for being detected. The fact that light ions are not included in the model may explain why the simulated total density is underestimated as well. In contrast, simulated densities are overestimated above the B-ring for O 2 + and partly for O + . A mechanism that has been ignored but may potential play a role is the electrostatic charge state of the grains. This charging depends in part on the UV photoelectron emission from its sunlit surface, but also on the electron and ion fluxes in the ambient plasma surrounding the grain [Ip, 1984b] . Charging will modify the interaction between the grains and the plasma particles. If grains are negatively charged, as suggested by electron measurements above the rings [Coates et al., 2005] , the probability of collision with ions (electrons) would increase (decrease). We also neglected in the present model the ambipolar electric field due to the charge separation between electrons and ions near the ring plane [Wilson and Waite, 1989; Moncuquet et al., 2002] . In the regions associated with a strong density gradient, this additional electric field along the magnetic field lines may modify the electron and ion scale heights, as discussed by Johnson et al. [2006] . These effects can be taken into account only in a self consistent manner by incorporating the electron dynamics, which is beyond the scope of the present paper. A more elaborate model is needed for further improvement in the regions associated with strong inhomogeneities, and will be subject of a future paper.
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